Many external cues initiate appropriate cellular responses via mitogen-activated protein kinase (MAPK) cascades (45) . Although a eukaryotic cell contains multiple MAPK modules, the stimulus for each signaling pathway elicits the proper output and does not inadvertently evoke incorrect responses. The molecular basis of this specificity and the mechanisms that insulate one MAPK pathway from another are under intense study in many organisms.
Budding yeast (Saccharomyces cerevisiae) has multiple MAPK pathways. Increases in the external solute concentration stimulate the high-osmolarity glycerol (HOG) pathway, resulting in production of glycerol to prevent dehydration (61) . Secreted peptides initiate the pheromone response pathway, which prepares cells for mating (60) . Invasive growth by haploids and pseudohyphal growth by diploids are triggered when cells are limited for carbon (haploids) or nitrogen (diploids) (59) . These three signal transduction pathways have some components in common, in particular, the MAPK kinase kinase (MAPKKK) Ste11.
Two distinct inputs lead to activation of the MAPK, Hog1, of the HOG pathway. Under isosmotic conditions, a transmembrane protein-histidine kinase, Sln1, acts through a relay of phosphoproteins to hold two highly related MAPKKK isoforms, Ssk2 and Ssk22, in the inhibited state (39) . Moderate osmolyte concentrations (e.g., 0.1 to 0.4 M NaCl) somehow block Sln1 function, thereby relieving inhibition of Ssk2 and Ssk22 (29) . These enzymes, in turn, phosphorylate and activate the MAPK kinase (MAPKK) Pbs2, which then phosphorylates both Thr174 and Tyr176 in Hog1 and thereby activates this MAPK (10, 50) . When cells are exposed to higher dissolvedsolute concentrations (e.g., 0.5 to 1.0 M NaCl), another integral membrane protein, Sho1, also participates in the activation of Hog1 (28) . Sho1 directly binds the alternative MAPKKK Ste11 (66) and, via its C-terminal Src homology 3 domain, also binds Pbs2 (40) . Pbs2, in turn, has a high-affinity docking site for Ste11 (40, 50) . In this arm of the HOG pathway, association of Sho1 with a transmembrane mucin-like protein, Msb2 (33) , and association of Ste11 with the small adaptor protein Ste50 (41) are also required for optimal signaling. Some osmolyte-induced change in the modification state, conformation, and/or composition of this membrane-tethered complex permits Ste11 to be phosphorylated and activated by a protein kinase of the PAK family, Ste20, which is itself activated and membrane localized via its interaction with GTP-bound Cdc42 (anchored in the plasma membrane via its C-terminal geranylgeranylation) (44, 47) . Activated Ste11 phosphorylates and activates Pbs2, which then activates Hog1 (18) . Once phosphorylated by either the Sln1-or the Sho1-initiated route, Hog1 is transported into the nucleus (via the importin ␤ homolog Nmd5) (20, 46) , where it affects the transcription of ϳ600 genes, including those needed for glycerol production and other events that restore osmotic balance (35, 38, 42) .
Ste11 is also essential for response to mating pheromones (60) . In this case, Ste11 is brought to the plasma membrane, where it encounters Ste20, by its binding to a scaffold protein, Ste5 (19) . Ste5 is recruited to the plasma membrane, in part via its interaction with the membrane-anchored G␤␥ complex (Ste4-Ste18) released from the G␣ subunit (Gpa1) of the heterotrimeric G protein that is coupled to pheromone receptors (Ste2 and Ste3). G-protein dissociation is triggered when the appropriate agonist (␣-factor or a-factor, respectively) is bound to its cognate receptor. Ste5 also binds the MAPKK Ste7 and the MAPK Fus3, allowing efficient downstream signal propagation. Activated Fus3 translocates into the nucleus, relieves repression of the transcriptional activator Ste12, and thereby induces expression of mating-specific genes (48) . Likewise, Ste20, Ste11, Ste7, and a different MAPK, Kss1, are needed for the change in budding pattern and elongated morphology necessary for the filamentous growth observed when diploid cells are deprived of nitrogen and for the invasive growth displayed by haploid cells when starved for carbon (59) . Activated Kss1 promotes expression of genes under the joint control of Ste12 and another DNA-binding transcription factor, Tec1 (2, 12) . As in the HOG pathway, Sho1, Msb2 (15) , and Ste50 (58) are components of the upstream sensing mechanism necessary to stimulate Ste11 for filamentous growth.
How Ste11-dependent signal propagation normally is confined to the HOG, pheromone, and filamentous-growth pathways to elicit only the proper response is not completely understood. One important clue about how such specificity is maintained between the HOG and pheromone response pathways is the observation that pbs2⌬ and hog1⌬ mutant cells, when subjected to hyperosmotic stress, form mating projections and express a specific reporter of pheromone response, FUS1
prom -lacZ (34) . This so-called cross talk is dependent on Sho1 (and not on Sln1). Thus, Hog1 (or one of its downstream effectors) somehow prevents inappropriate stimulation of the pheromone response pathway by the pool of Ste11 activated when Sho1 is subjected to an elevated solute concentration (36) .
Essentially all of the studies demonstrating cross talk have been performed with hog1⌬ null mutants, which chronically lack Hog1. The capacity for cross talk displayed by hog1⌬ cells could arise from some rewiring of the cell resulting from the adaptations necessary for the cell to cope over the long term with the complete absence of Hog1. Hence, the behavior of hog1⌬ mutant cells might be misleading with regard to the physiology of normal cells. Moreover, only a single kinase-dead hog1 point mutant has been described (20, 46) . Although such cells should also chronically lack Hog1 catalytic activity, when examined for cross talk, they displayed an intermediate, and hence ambiguous, response (34) . Thus, the first objective of the studies presented here was to devise a means to acutely inhibit Hog1 activity at will to determine if its catalytic function or just the presence of the polypeptide itself is required to prevent cross talk. Such a tool also provided the means to reexamine the role of the catalytic activity of Hog1 in its primary physiological function (resistance to hyperosmotic stress) and in its subcellular localization (translocation to the nucleus in response to hyperosmotic stress). Finally, we could examine whether the kinase activity of Hog1 is important both for the initial response to a hyperosmotic challenge and for sustaining signaling capacity and maintaining pathway specificity during long-term adaptation to elevated osmolyte concentrations.
MATERIALS AND METHODS
Strains, media, and genetic techniques. Yeast strains (Table 1) were cultivated in standard rich medium (YPD) or in defined synthetic complete medium (49) lacking appropriate nutrients and, where necessary, containing 5-fluoroorotic acid (9) to select for plasmids or integrative transformants. When used, D-sorbitol (Sigma Chemical Co., St. Louis, MO) was present at a 1 M final concentration. DNA-mediated transformation was conducted by the Li acetate procedure (51) . All gene replacements and disruptions were confirmed both by phenotypic analysis and via PCR with appropriate gene-specific primers.
Routine recombinant DNA procedures were used for the construction and propagation of plasmid DNA in Escherichia coli strain DH5␣. The HOG1 gene was amplified by PCR with primers with XbaI linkers from genomic DNA of strain SO329 and cloned into vector pCR2.1 (Invitrogen Corp., Carlsbad, CA), yielding pPW01. Site-directed mutagenesis of pPW01 was performed with the QuikChange kit (Stratagene Inc., La Jolla, CA) according to the manufacturer's recommendations to generate pPW02 (hog1-as), pPW28 [hog1(K52R)], and pPW51 [hog1(D144A)]. The mutagenic primers used were 5Ј-CCATTG GAA GAT ATC TAT TTT GTC GCG GAA TTA CAA GGA ACA G (pPW02), 5Ј-CAG CCA GTT GCC ATT AGA AAA ATC ATG AAA CCT (pPW28), and 5Ј-GCG TCA TTC ATA GAG CTT TGA AAC CGA GCA A (pPW51). All mutagenesis products were confirmed by DNA sequence analysis. The resulting hog1-as, hog1(K52R), and hog1(D144A) DNAs were excised and integrated into the genome under control of the native HOG1 promoter by selecting for gene transplacement of the hog1::URA3 locus in strain PW014 with 5-fluoroorotic acid. All integrants were confirmed by PCR and DNA sequencing.
The FUS1::lacZ::LEU2 and FUS1::lacZ::leu2 reporter genes have been described previously (34) . To generate the integrating TEC1::lacZ::URA3 plasmid, the 5Ј untranslated region of TEC1 was amplified by PCR from genomic DNA of strain ⌺1278b DNA with primers with XhoI sites. The resulting 1-kb product was inserted into the polylinker in pJM133 (a plasmid carrying CYC1::lacZ::URA3 from the Herskowitz lab plasmid collection), yielding pPW45. The appropriate fragment was excised from pPW45 with HindIII and used for DNA-mediated transformation of appropriate yeast strains.
Integrated versions of HOG1, hog1-as, hog1(K52R), and hog1(D144A) tagged with Aequorea victoria green fluorescent protein (GFP) were created with the GFP-marked modules described by Longtine et al. (26) along with HOG1-specific primers. To install a C-terminal three-hemagglutinin [(HA) 3 ] tag on Rck2, the HA-marked modules described by Longtine et al. (26) were used along with appropriate RCK2-specific primers. To tag a nucleoporin, Nup1, and the karyopherin Nmd5 with mCherry, a derivative of monomeric Discosoma sp. red fluorescent protein (52) , the coding sequence in pRSET-mCherry (gift of R. Y. Tsien, University of California, San Diego) was amplified with primers with PacI and AscI sites, respectively, and the resulting product was inserted into PacI-and AscI-cleaved pKT209 (gift of K. Thorn, Harvard University), thereby replacing the GFP module in this vector (53) , yielding pPW58. Nup1-mCherry and Nmd5-mCherry fusions were then generated with the mCherry-containing module in pPW58 and integrated into the desired yeast strains as previously described (53) .
To generate pPW86 expressing Ssk2⌬N (28), the sequence of SSK2 encoding Met1173 to the COOH terminus was amplified by PCR with primers containing XbaI and HindIII sites, and the resulting product was inserted into the polylinker in YEp352-GAL (5) .
Measurement of reporter gene expression. Expression of ␤-galactosidase from lacZ-marked reporter genes was assayed with a colorimetric substrate as described previously (56) . Values presented (A 420 ) represent the average of at least three independent trials, each conducted in triplicate. The enzyme sources were samples of cultures of exponentially growing cells that were collected by centrifugation and resuspended in fresh YPD medium in the absence or presence of 4-amino-1-tert-butyl-3-(1-naphthylmethyl)phenylpyrazolo [3,4-d] pyrimidine (1-NM-PP1) (8) lacking or containing 1 M sorbitol, as indicated, for various times (up to 5 h). To select the inhibitor concentration used, the growth of hog1-as cells and that of HOG1 ϩ cells were compared on YPD without and with 1 M sorbitol over a range (5 to 20 M) of 1-NM-PP1 concentrations. The 1-NM-PP1 was added from a stock dissolved in dimethyl sulfoxide (DMSO), and controls always received the appropriate volume of DMSO alone. We found that 8 M 1-NM-PP1 was the minimum concentration that completely blocked the growth of hog1-as cells on 1 M sorbitol but not on YPD alone, yet even 20 M 1-NM-PP1 had no discernible effect on wild-type cells on either medium (data not shown). On this basis, and to ensure complete inhibition, we routinely used a final concentration of 12 M 1-NM-PP1 in both liquid and solid media.
To determine how fast 1-NM-PP1 acts to block the kinase activity of Hog1-as, we conducted the following comparison on the basis of our observation (see Results) that 1-NM-PP1 blocks the hyperosmotic stress-induced nuclear import of Hog1-as. One sample of an exponentially growing culture of cells expressing Hog1-as-GFP was pretreated for 10 min with 12 M 1-NM-PP1, collected rapidly by centrifugation, and then exposed to 1 M sorbitol in the continuing presence of 12 M 1-NM-PP1, and another sample of the same cells was treated simultaneously with 1 M sorbitol and 12 M 1-NM-PP1. The two samples were then examined immediately and over the course of the next 10 min, by which time Hog1-as-GFP shows pronounced nuclear accumulation in Ͼ90% of the cells challenged with 1 M sorbitol in the absence of inhibitor. Whether inhibitor was added 10 min before 1 M sorbitol 1216 WESTFALL AND THORNER EUKARYOT. CELL or added simultaneously, the fraction of the cells in which nuclear import was blocked was the same within sampling error (95% versus 93%). Hence, by this criterion, 1-NM-PP1 blocks kinase activity in Ͻ1 min. Microscopy. Exponentially growing cells were resuspended in fresh YPD medium in the absence or presence of 12 M (final concentration) I-NM-PP1 for 10 min and then exposed or not exposed to 1 M sorbitol for various times (up to 20 min) without or with 1-NM-PP1, as indicated, before viewing. For routine observation, yeast cells were visualized under the 100ϫ objective of an epifluorescence microscope (BH2; Olympus Microscopes, GmbH, Hamburg, Germany) and images were captured digitally with a charge-coupled device camera and MagnaFire SP software (Olympus). For certain experiments, optical sections of cells were viewed by confocal fluorescence microscopy on a DeltaVision Spectris system (Applied Precision LLC, Issaquah, WA) with a 100ϫ objective lens, and Applied Precision SoftWoRx software was used for image capture, deconvolution, and adjustments to brightness and contrast. To visualize DNA, cells were treated prior to examination with 2 g/ml (final concentration) 4Ј,6Ј-diamidino-2-phenylindole (DAPI). For image clarity in data presentation, cropping and equivalent adjustments to brightness and contrast were made with Photoshop CS (Adobe Systems, Inc., San Jose, CA).
Cell extracts and immunoblotting. To estimate the cellular content of both total Hog1-GFP protein and the fraction of activated (dually phosphorylated) Hog1-GFP (or of the corresponding Hog1-as-GFP, Hog1(K52R)-GFP, and Hog1(D144A)-GFP variants), a sample (A 600 of 0.5) of exponentially growing cells in 5 ml of YPD (without or with 1 M sorbitol and without or with 12 M 1-NM-PP1, as indicated for the microscopy experiments) was concentrated in a microcentrifuge. After removal of culture medium by aspiration, cell pellets were resuspended in 1ϫ loading buffer (5% sodium dodecyl sulfate [SDS], 0.1 M Tris-HCl [pH 7.5], 5% glycerol, 0.07 M 2-mercaptoethanol, 0.02 mM bromophenol blue) and boiled for 5 min. After clarification in a Microfuge, a sample of the supernatant solution (10 l) was resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on an 8% gel and transferred to a sheet of nitrocellulose filter paper. The filter was incubated in Odyssey blocking buffer (Li-Cor Biosciences, Inc., Lincoln, NE) for 1 h at room temperature and then overnight with a mouse monoclonal anti-GFP antibody (Roche Diagnostics, Inc., Basel, Switzerland) and rabbit monoclonal anti-phospho-p38 antibody (Cell Signaling Technology, Inc., Danvers, MA) in the same buffer. Filter-bound antibodies were detected with Alexa Fluorconjugated secondary anti-mouse and anti-rabbit anti-immunoglobulin G antibodies (Molecular Probes, Inc., Eugene, OR) and visualized with an Odyssey infrared imaging system (Li-Cor). To detect HA epitope-tagged Rck2, mouse monoclonal anti-HA epitope antibody 6E2 (Cell Signaling Technology) was used.
RESULTS
Construction and characterization of a functional hog1-as allele. We generated a conditional allele (dubbed hog1-as) susceptible to inhibition by the cell-permeable adenine analog 1-NM-PP1 on the basis of principles developed by Shokat and coworkers (4, 7, 8, 55) . By using sequence alignments and modeling of the back of the ATP-binding pocket of Hog1 on the crystal structure of its closest mammalian ortholog, p38 (21), we determined that a T100A substitution in Hog1 should yield the desired allele (alteration of the equivalent residue to Ala in other protein kinases has sometimes been referred to as an "-as2" allele). The corresponding mutant DNA was inserted into the chromosome in place of the normal locus under the control of its native promoter. Indeed, the hog1-as allele behaved exactly as anticipated. Like HOG1 ϩ cells, but unlike hog1⌬ mutant cells, hog1-as mutant cells grew under conditions of hyperosmotic stress (1 M sorbitol) (Fig. 1A) . Unlike wild-type cells, hog1-as mutant cells failed to grow on 1 M 
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As an alternative and inverse means of demonstrating that 12 M 1-NM-PP1 efficaciously inhibits hog1-as but otherwise has no deleterious effect on the cells, we took advantage of another known property of the HOG pathway, namely, that constitutive hyperactivation of Hog1 prevents cell growth (50) . One way to achieve strong hyperactivation is to overexpress (from the GAL1 promoter) a derivative of the upstream MAPKKK Ssk2 which lacks its N-terminal negative regulatory domain (28) . Control cells carrying the GAL expression vector alone grew well on glucose medium, on galactose medium, or on galactose medium containing 12 M 1-NM-PP1, regardless of whether the cells were HOG1 ϩ or hog1⌬ mutant or carried the hog1-as allele (Fig. 1B) . However, when the cells were HOG1 ϩ or contained the hog1-as allele, galactose-induced expression of Ssk2⌬N blocked their growth, whereas hog1⌬ mutant cells continued to grow, as expected. Strikingly, on galactose medium in the presence of 12 M 1-NM-PP1, cells carrying the hog1-as allele grew as well as the control cells or the hog1⌬ mutant cells whereas HOG1 ϩ cells still grew very poorly (Fig. 1B) . The fact that 1-NM-PP1-imposed inhibition of Hog1-as promotes cell growth under conditions where Hog1 activity would be deleterious further confirms that other aspects of cell physiology are not perturbed at the concentration of the compound used.
To determine if inhibition of Hog1-as by 12 M 1-NM-PP1 was as severe as the loss of catalytic activity caused by point mutations in conserved residues known to be critical for protein kinase activity (23), we used site-directed mutagenesis to generate first a previously described kinase-dead mutant, Hog1(K52R) (20, 46) , which alters a Lys required for proper tertiary structure and binding of the ␥-phosphate of ATP, and a novel kinase-dead mutant, Hog1(D144A), which eliminates the putative general base catalyst for the phosphotransferase reaction. Indeed, the Hog1(D144A) mutant was unable to grow on 1 M sorbitol, just like hog1⌬ mutant cells and hog1-as-carrying cells in the presence of 1-NM-PP1 (Fig. 1A) . By contrast, Hog1(K52R) retained residual activity that permitted slow (but readily detectable) growth on 1 M sorbitol (Fig. 1A) . This residual growth on 1 M sorbitol was eliminated in the presence of 1-NM-PP1. We presume that the K52R mutation, because of its effects on kinase conformation, makes this already crippled enzyme somewhat susceptible to the inhibitor.
As yet another independent measurement of the catalytic competence of Hog1-as and its inhibition by 1-NM-PP1 in vivo, we examined the Hog1-dependent phosphorylation of a known downstream target, the MAPK-activated protein kinase (MAPKAP kinase) Rck2 (6, 57) . In normal cells under isosmotic conditions, the bulk of Rck2-(HA) 3 migrated as a hypophosphorylated form (band 1, Fig. 2A) , with a trace of a slightly slower-mobility species (band 2, Fig. 2A ). Upon exposure to hyperosmotic stress, no detectable band 1 remained, most of the Rck2-(HA) 3 migrated as band 2, and a third, even slower-mobility form appeared (band 3, Fig. 2A ). In hog1⌬ mutant cells, the bulk of the Rck2-(HA) 3 remained hypomodified (band 1), even in the presence of 1 M sorbitol. By contrast, in hog1-as cells in the absence of 1-NM-PP1, Rck2-(HA) 3 underwent conversion to bands 2 and 3 under hyperosmotic challenge, just as it did in HOG1 ϩ cells, whereas in the presence of inhibitor, Rck2-(HA) 3 modification was completely abrogated (Fig. 2A) . It should be noted that, even when bound to 1-NM-PP1, Hog1-as was still an efficient substrate for the upstream kinase Pbs2 (Fig. 2A, bottom) .
Collectively, these findings demonstrate first that Hog1-as is a fully functional enzyme in the absence of 1-NM-PP1. Second, the catalytic activity of Hog1-as is acutely and fully inhibited upon addition of 1-NM-PP1 because this treatment rapidly abrogates all known phenotypic and biochemical hallmarks of Hog1 function in response to a hyperosmotic challenge.
Catalytic activity of Hog1 is needed to prevent cross talk. Inappropriate activation of the mating pheromone response pathway does not occur when Hog1 is present but does occur when Hog1 is absent (34) . Loss of signaling specificity upon (Fig. 2B, lane 1) , on the same medium containing 1 M sorbitol (Fig. 2B, lane 2) , or on l M sorbitol and 1-NM-PP1 (Fig. 2B, lane 3) , whereas a hog1⌬ mutant displayed robust reporter expression when subjected to a hyperosmotic challenge (Fig. 2B, lanes 2 and 3) . The hog1-as-carrying cells showed no induction of the reporter under normal growth conditions or under conditions of hyperosmotic stress, like wild-type cells, but did so to the same extent as hog1⌬ mutant cells when challenged with 1 M sorbitol plus 1-NM-PP1 (Fig. 2B, lane 3) . This latter result provides yet another independent demonstration that the inhibitor concentration used completely abrogated Hog1-as kinase activity whereas wild-type Hog1 was unaffected. The cells expressing one of the catalytically inactive point mutants, Hog1(D144A), behaved just like hog1⌬ mutant cells. By contrast, the other putative kinase-dead allele, Hog1(K52R), seemed to retain partial activity (and thus the ability to prevent the full appearance of cross talk) because the degree of reporter expression upon hyperosmotic challenge was reproducibly and significantly less than that displayed by hog1⌬ mutant cells or cells expressing either Hog1(D144A) or the hog1-as allele in the presence of 1-NM-PP1 (Fig. 2B, lane 2) . Moreover, the Hog1(K52R) mutant displayed further elevation in reporter expression in the presence of 1-NM-PP1, equivalent to that displayed by hog1⌬ mutant cells (Fig. 2B, lane 3) . These observations provide independent evidence that Hog1(K52R) retains significant residual activity (as shown in Fig. 1A ) and that conformational flexibility caused by the K52R mutation makes the enzyme somewhat susceptible to the inhibitor because this mutant always displayed a greater degree of cross talk in the presence of 1-NM-PP1 than in its absence. Efficient dephosphorylation of activated Hog1 requires its catalytic function. Upon hyperosmotic stress, Hog1 is activated by phosphorylation on T174 and Y176 in its activation loop by the MAPKK Pbs2. Dual phosphorylation of Hog1 was readily detected by immunoblotting with a commercially available rabbit monoclonal antibody raised against activated (dually phosphorylated) mammalian p38 (22, 54) . To permit convenient quantitation of total Hog1 (or its variants) and its visualization in live cells in real time, it was fused to GFP (65) and substituted for the normal chromosomal HOG1 locus by a PCRbased method (26) .
Upon exposure to 1 M sorbitol, Hog1-GFP was phosphorylated rapidly, with modification peaking at 10 to 20 min and then declining as cells adapted, as shown previously for epitope-tagged Hog1 (10) (Fig. 3A, left) . By 90 min, the amount of activated Hog1 declined to Յ10% of the maximum, as quantified from the relative band intensities measured with an infrared detection system (Odyssey; Li-Cor, Inc.). Likewise, the hyperosmotic stress-induced phosphorylation pattern for Hog1-as-GFP was virtually indistinguishable (Fig. 3B, left) . However, under the same conditions but in the presence of 1-NM-PP1, phosphorylation of Hog1-as-GFP was sustained throughout the time course of the experiment (Fig. 3B, right) whereas the kinetic behavior of wild-type Hog1-GFP phosphorylation was unaffected (Fig. 3A, right) . In agreement with the conclusion that the kinase activity of Hog1 is required to promote its own dephosphorylation after hyperosmotic-stress-induced activation, both kinase-dead point mutants Hog1(K52R)-GFP and Hog1(D144A)-GFP displayed a pattern of persistent phosphorylation just like Hog1-as-GFP in the presence of inhibitor ( Fig. 3C and D) .
Nuclear import of activated Hog1 requires its catalytic function. All three GFP fusions in which Hog1 catalytic activity was ablated (two kinase-dead point mutants and 1-NM-PP1-treated Hog1-as) displayed sustained phosphorylation. This finding is consistent with previous work showing that Hog1 function is required for stimulating the activities of two phosphotyrosine-specific phosphoprotein phosphatases, Ptp2 and Ptp3, that dephosphorylate Hog1 (63) and for inducing elevated expression of the corresponding genes (24), especially PTP3 (42). Ptp2 appears to be the phosphatase primarily responsible for deactivation of Hog1 and is located predominantly in the nucleus (31, 68) . Hence, the observed inefficient dephosphorylation of catalytically inactive Hog1 could arise from lack of import of the enzyme into the nucleus. To determine if lack of nuclear import is indeed a contributing factor, During growth under isosmotic conditions, Hog1-GFP, the Hog1-as-GFP mutant, and both kinase-dead point mutants Hog1(K52R)-GFP and Hog1(D144A)-GFP were all found primarily in the cytosol (Fig. 4, left) . Within 10 min after exposure to 1 M sorbitol, Hog1-GFP and Hog1-as-GFP were found almost exclusively in the nucleus (Fig. 4, right) , confirming the rapid hyperosmotic stress-induced translocation observed before (20, 46) . However, in contrast to previous claims that nuclear import of Hog1(K52R)-GFP occurs to the same extent and at the same rate as that of wild-type Hog1-GFP in response to exposure to 1 M sorbitol (20, 46) , we found that this catalytically compromised variant expressed at its endogenous level did not enter the nucleus efficiently (Fig. 4, right) . In agreement with this conclusion, our novel, completely nonfunctional point mutant Hog1(D144A)-GFP displayed even weaker nuclear accumulation. Close inspection indicated that Hog1(D144A)-GFP did not actually enter the nucleus but remained at the nuclear periphery (Fig. 4, right) . This impression was confirmed by examination of the cells by confocal microscopy (data not shown; see also below and Fig. 6 ). Thus, contrary to previous studies, we found that when the catalytic activity of Hog1 is compromised, nuclear import is blocked.
In further confirmation of this conclusion, we found that upon exposure to 1 M sorbitol in the presence of 1-NM-PP1, Hog1-as-GFP did not enter the nucleus in at least 95% of the cells (Fig. 5A) , in contrast to the behavior of normal Hog1-GFP (Fig. 5A ) and in contrast to the behavior of Hog1-as-GFP in the absence of inhibitor (Fig. 4) . The apparent lack of nuclear accumulation of catalytically inactive Hog1 upon hyperosmotic stress could be due to a failure of import or to a lack of retention (or an elevated rate of export) following import. To rule out these latter possibilities, cells expressing either wild-type Hog1-GFP or Hog1-as-GFP were exposed to 1 M sorbitol for 10 min to induce nuclear accumulation, treated with 1-NM-PP1 (which acts within Ͻ1 min to fully inhibit Hog1-as; see Materials and Methods), and then examined. Two minutes after addition of the inhibitor (Fig. 5B) , and even as late as 30 min after addition of the inhibitor (data not shown), the levels of wild-type Hog1-GFP and Hog1-as-GFP retained in the nucleus were indistinguishable. By later time points (45 to 120 min), the nuclear content of Hog1-GFP, uninhibited Hog1-as-GFP, and inhibited Hog1-as-GFP had declined significantly but equivalently (data not shown), presumably because of their eventual dephosphorylation and export. Thus, once Hog1 has entered the nucleus, inhibition of kinase activity does not promote its rapid efflux. Taken together, our findings demonstrate that the catalytic function of Hog1 is required for its nuclear import after a hyperosmotic challenge.
Lack of importin, Nmd5, and inhibition of Hog1 activity both block nuclear entry at the nuclear periphery. Prior work implicated a specific karyopherin, Nmd5, in nuclear import of Hog1 in response to hyperosmotic stress (20) . Correspondingly, we found by conventional epifluorescence microscopy that Hog1-GFP did not accumulate in the nucleus in an nmd5⌬ mutant, whereas it did in wild-type (NMD5 ϩ ) cells. However, upon close inspection by confocal microscopy, we discovered that Hog1-GFP decorates the nuclear rim in a distinct pattern of puncta in nmd5⌬ mutant cells but not in wild-type cells (Fig.  6A) . To confirm that the perinuclear puncta where Hog1-GFP accumulates when cells lacking Nmd5 are challenged with 1 M sorbitol represent the nuclear pore complexes (NPCs), we ex- ploited a nup133⌬ mutant which others have amply demonstrated to cause clustering of NPCs at one side of the nuclear envelope (37) . We found that in a nup133⌬ nmd5⌬ double mutant, Hog1-GFP accumulates in the expected clusters and colocalizes there with a bona fide NPC marker, Nup1 (17), tagged with mCherry, a color variant of monomeric Discosoma sp. red fluorescent protein (52) (Fig. 7A) . Thus, in the absence of Nmd5, Hog1-GFP still translocates from the cytosol to the nuclear periphery under hyperosmotic stress but remains trapped at the NPC and does not enter the nucleoplasm. This pattern was strikingly similar to that seen in a high proportion of the cells expressing the kinase-dead point mutant Hog1(D144A)-GFP (Fig. 4) , suggesting that lack of the cognate importin and lack of kinase activity both block Hog1 nuclear import at similar stages. In further confirmation of this conclusion, we found that exposure to 1 M sorbitol induced translocation of Nmd5-mCherry to the nuclear envelope only whereas Hog1-as-GFP was imported concomitantly into the nucleus (Fig.  6B) . However, in the presence of 1-NM-PP1, inhibited Hog1-as and its import receptor colocalized and accumulated at the nuclear periphery (Fig. 6B) . The speckled pattern seen for Hog1-as-GFP in the cells treated with 1-NM-PP1 and challenged with 1 M sorbitol corresponded to NPCs because it was largely congruent with the staining observed for Nup1-mCherry in the same cells (Fig. 7B) . Thus, under conditions of hyperosmotic stress, the inhibited enzyme is still able to translocate to the NPC but the catalytic activity of Hog1 is required for its subsequent passage through the channel of the NPC, even when Nmd5 is present. Hog1 kinase activity is needed continuously for maintenance of the adaptive response to hyperosmotic stress. Our findings with the Hog1-as and Hog1(D144A) alleles demonstrated, as had not been shown before, that Hog1 catalytic activity, and not the mere presence of the Hog1 polypeptide, is required both for mounting an initial response to a hyperosmotic challenge (10) and for preventing inadvertent activation of the pheromone response pathway (34) . The hog1-as allele also provided a unique tool with which to explore another feature of HOG pathway regulation, namely, whether Hog1 kinase activity is required for maintenance of pathway signaling specificity, even after relatively long-term adaptive changes have occurred.
Exposure to a high external dissolved-solute concentration causes an ϳ1-h delay in cell cycle progression during which the osmotic balance is restored and reassembly of the actin cytoskeleton occurs, permitting resumption of active growth (11, 13, 64) . To determine if Hog1 catalytic activity is still needed to prevent cross talk even after growth resumes, cells expressing Hog1-as-GFP and containing the FUS1 prom -lacZ reporter were exposed to 1 M sorbitol in the absence and presence of 1-NM-PP1 and both cell density and reporter gene expression were monitored. As expected, the onset of cross talk was readily detected within the first hour after hyperosmotic stress in the culture that received 1-NM-PP1 initially but not in the control (DMSO-only) culture (Fig. 8A) . By 3 h after exposure to 1 M sorbitol, the culture lacking inhibitor had resumed growth, as judged by a significant increase in its A 600 (data not shown), whereas the culture that received inhibitor had not, also as expected. At that point (Fig. 8A, arrow) , 1-NM-PP1 was added to the control culture that had not previously received the inhibitor. Expression of the cross talk reporter commenced almost immediately, and the onset of its expression was only slightly slower than when the Hog1-as mutant was treated with 1 M sorbitol and the analog at the same time. Thus, the catalytic activity of Hog1 is required persistently to prevent inappropriate cross talk between the HOG and pheromone response pathways.
Another measurement of cell adaptation following hyperosmotic stress is that the activated (dually phosphorylated) state of Hog1 wanes over time (Fig. 3) . Hence, as an independent measurement of whether cells had achieved the adapted state, the fraction of phospho-Hog1 was followed after exposure to 1 M sorbitol. The fraction of activated (dually phosphorylated) Hog1-as-GFP fell precipitously by 90 min after exposure to 1 M sorbitol, behavior indistinguishable from that of normal Hog1-GFP (Fig. 8B) . At that point, 1-NM-PP1 was added to each culture, additional samples were withdrawn at various times thereafter, and the total amounts of Hog1 and phosphoHog1 in those samples were analyzed. Addition of inhibitor did not significantly increase the fraction of phosphorylated normal Hog1. By contrast, elevation of phospho-Hog1-as was detectable within 10 min after addition of inhibitor and continued to increase over time (Fig. 8B) . Thus, maintenance of the adapted (largely dephosphorylated) state of the population of Hog1 molecules requires its persistent catalytic activity, at least at some basal level.
Hog1 catalytic activity is necessary to prevent cross talk between the HOG pathway and filamentous-growth-signaling pathways. Connections between the HOG pathway and the filamentous-growth-signaling pathway have been noted. For example, in diploid strains of the ⌺1278b lineage (which display robust filamentation in response to nitrogen deprivation), cells lacking the Sho1 osmosensor (34) or the mucin-like protein (Msb2) with which it interacts (15) display markedly reduced pseudohyphal growth. Conversely, it has been reported that, when subjected to hyperosmotic stress, hog1⌬ (or pbs2⌬) mutant cells express genes normally expressed only under conditions that promote filamentous growth and require components of the filamentous-growth response pathway (e.g., Ste7 and Kss1) to do so (16) . Indeed, in our experiments, haploid hog1⌬ and pbs2⌬ mutants of non-⌺1278b lineage displayed robust invasive growth on 1 M sorbitol but HOG1 ϩ cells did FIG. 8 . Persistent Hog1 function is required to prevent cross talk and maintain the adapted state. (A) Cells expressing Hog1-as were grown in YPD and, at time zero, resuspended in YPD plus 1 M sorbitol in the absence (filled circles) or presence (filled squares) of 12 M 1-NM-PP1. After 3 h (arrow), 12 M (final concentration) 1-NM-PP1 was added to a portion of the culture that was exposed to YPD plus 1 M sorbitol only (filled triangles). At the indicated times, samples were withdrawn and the level of expression of the FUS1 prom -lacZ reporter was measured as described in the legend to Fig. 2B. (B) Cells expressing a C-terminally GFP-tagged version of wild-type Hog1 (gray bars) or Hog1-as (black bars) were grown in YPD and, at time zero, resuspended in YPD plus 1 M sorbitol. After 90 min (arrow), 12 M (final concentration) 1-NM-PP1 was added to each culture. Samples were withdrawn at the indicated times, and the ratio of phospho-Hog1 to total Hog1 was determined as described in the legend to Fig. 3 .
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WESTFALL AND THORNER EUKARYOT. CELL on February 21, 2013 by PENN STATE UNIV http://ec.asm.org/ not (P. J. Westfall, unpublished results). Thus, as observed for the pheromone response, Hog1 seems to be required to prevent inadvertent activation of the filamentous-growth pathway by hyperosmotic stress. The hog1-as allele allowed us to assess whether this cross talk behavior was manifested because of alterations of cell physiology that arise in hog1⌬ mutants because of the chronic absence of Hog1 or is also observed in otherwise wild-type cells upon acute inhibition of Hog1 catalytic activity. To assess the degree of this kind of cross talk, we attempted to use a wellaccepted reporter of the pseudohyphal growth pathway, FRE(Ty1)-lacZ (27) . However, as we have observed before (14) , this reporter displays a rather high basal level of expression in the ⌺1278b background. Therefore, we sought a different reporter that would give very low basal expression when introduced into the ⌺1278b background. The TEC1 gene is specifically induced under filamentous-growth conditions and has been shown to be a reliable and specific indicator of this signaling pathway (15, 16, 25) . Hence, we constructed a TEC1 prom -lacZ::URA3 fusion which was targeted for integration in single copy just upstream of the resident TEC1 gene at its normal chromosomal locus. In this way, ⌺1278b cells containing this reporter remained TEC1 ϩ and thus capable of mounting a normal filamentous-growth response. We then prepared an isogenic set of haploid and MATa/MAT␣ diploid cells of the ⌺1278b lineage containing this reporter and either wildtype HOG1 or the four hog1 mutants we used throughout this study. For all intents and purposes, the haploids and diploids behaved essentially identically (Fig. 9A and B) . Wild-type (HOG1 ϩ ) cells did not express TEC1 prom -lacZ when grown in YPD before or after exposure to 1 M sorbitol. In contrast, in hog1⌬ mutant cells, basal expression of the reporter was somewhat elevated on YPD alone and its expression was robustly induced (ϳ8-to 10-fold) in medium containing 1 M sorbitol (Fig. 8) . Likewise, and in agreement with the other evidence that the Hog1(D144A) allele is a complete loss-of-function mutation, it behaved like hog1⌬ mutant cells. Correspondingly, and in keeping with the other evidence that Hog1(K52R) retains partial function, the degree of cross talk activation of the TEC1 prom -lacZ reporter was reduced reproducibly. Finally, Hog1-as allele-carrying cells behaved like wild-type (HOG1 ϩ ) cells in the absence of 1-NM-PP1 but displayed readily detectable expression of the cross talk reporter when exposed to 1 M sorbitol in the presence of 1-NM-PP1. We noted, however, that, at least by the criterion of the results obtained in this assay format, 1-NM-PP1 was not causing complete inhibition of Hog1-as. We presume that 1-NM-PP1 was less efficacious because cells of the ⌺1278b lineage are less permeable to the analog, have larger competing intracellular adenine pools, or have a different spectrum of ABC transporters that extrude the compound more effectively (or some combination of the three), compared to the other strains we used (all derivatives of EG123).
DISCUSSION
To examine the effects of acute inactivation of the Hog1 MAPK, we devised and successfully constructed a conditional analog-sensitive allele, hog1-as, which has many advantages for analysis of the roles that Hog1 catalytic activity plays in the physiological functions of this enzyme. We demonstrated that Hog1-as is functional as long as a chemical inhibitor is absent, unlike a kinase-dead point mutant. For this reason, Hog1-as cells have no opportunity to accumulate changes to compensate for habitual absence of Hog1 activity, unlike hog1⌬ mutant cells. We found that enzyme inhibition exerted by exogenously added 1-NM-PP1 occurs rapidly (in Ͻ1 min). Thus, inactivation of Hog1-as only requires addition of an inhibitor to the medium, unlike a hog1 ts allele, which requires a shift to a restrictive temperature (and whereupon other perturbations caused by the temperature shift itself may have complicating effects). Finally, the ATP-binding pocket of no other kinase in the cell should be able to accommodate 1-NM-PP1 nearly as well. Indeed, we provided evidence that Hog1-as is the only protein kinase whose function was compromised significantly To determine whether analog-inhibited Hog1-as is as nonfunctional as point mutants that alter catalytically critical residues, we constructed Hog1(K52R) and Hog1(D144A), a previously described and a novel kinase-dead allele, respectively. Despite prior claims to the contrary, we found that Hog1(K52R) retained detectable (albeit low) activity, on the basis of phenotypic criteria, whereas Hog1(D144A) behaved indistinguishably from hog1⌬ or hog1-as mutant cells in the presence of 12 M 1-NM-PP1. Thus, all of the latter three represent the true null condition.
A primary motivation for generating the hog1-as allele was to address the question of whether the failure of hog1⌬ (or pbs2⌬) mutant cells to maintain signaling specificity and avoid inadvertent cross-activation of the mating pheromone signaling pathway resulted from adaptive changes to cellular physiology that arose during long-term propagation of such strains because they chronically lack Hog1 activity (or the Hog1 polypeptide itself). Using the chemical genetics approach made possible by the hog1-as allele, we clearly demonstrated that it is the catalytic activity of Hog1 per se that is required to prevent improper cross-activation of both the pheromone response and filamentous-growth pathways, the other two MAPK cascades initiated by the MAPKKK Ste11. Thus, the target for blocking cross talk is presumably a substrate of Hog1 itself or of a downstream kinase (Rck2) that Hog1 activates. However, we have ruled out the latter possibility. When challenged with 1 M sorbitol, a rck2⌬ single mutant or even a rck1⌬ rck2⌬ double mutant does not display cross talk (as monitored in the standard way via expression of a FUS1 prom -lacZ reporter), suggesting that these MAPK-activated protein kinases (MAPKAP kinases) are not necessary to prevent cross talk (Westfall, unpublished) . However, to make certain that these MAPKAP kinases are not necessary to evoke cross talk in the first place, we constructed a hog1⌬ rck1⌬ rck2⌬ triple mutant and found that it displays robust cross talk when challenged with 1 M sorbitol (Westfall, unpublished) . Thus, the target for preventing cross talk is likely to be a direct substrate of Hog1 and not of Rck2.
In this regard, in addition to Rck1 and/or Rck2, we have evidence that rules out the following other gene products as the Hog1 target necessary to prevent cross talk between the HOG and mating pathways: Sho1; Msb2; Opy2, a single-pass integral membrane protein implicated in initiation of HOG signaling (62); and Gpd1 (NAD ϩ -dependent glycerol-3-phosphate dehydrogenase), the key enzyme of glycerol synthesis (1). For example, following the same logic as mentioned above for the MAPKAP kinases, when challenged with 1 M sorbitol, an msb2⌬ mutant does not display cross talk whereas a hog1⌬ msb2⌬ double mutant does (Westfall, unpublished) . As another example, Gpd1 cannot be the target because its sequence lacks any consensus MAPK phosphorylation site (-SP-or -TP-). Sho1 and Opy2 are signaling components essential to elicit the HOG response. Therefore, to test whether Hog1-dependent phosphorylation of these proteins is necessary for preventing cross talk, point mutations that convert the Ser or Thr in each MAPK phosphorylation site to Ala were constructed (Opy2 has one site, and Sho1 has four). Cells expressing Opy2 lacking its MAPK phosphorylation site and cells expressing Sho1 lacking any or all four of its MAPK phosphorylation sites did not display constitutive cross talk in wild-type cells and, moreover, did not display cross talk when challenged with 1 M sorbitol, whereas the hog1⌬ derivatives of the same strains showed robust cross talk (Westfall, unpublished) .
We show here that Hog1 kinase activity is required to insulate the filamentous-growth pathway from the HOG pathway by employing a novel reporter gene (TEC1 prom -lacZ) for filamentous-growth signaling. The TEC1 promoter reportedly contains pheromone response elements (which bind Ste12 alone) (32) , as well as bona fide filamentous response elements that bind Tec1-Ste12 heterooligomers (67) . However, expression of the reporter in MATa/MAT␣ diploid cells, which lack components of the circuitry essential for the pheromone signaling pathway (including the MAPK scaffold Ste5 and even the MAPK Fus3), was indistinguishable from that observed in haploids, confirming that TEC1 prom -lacZ was measuring exclusively the output of authentic, Tec1-dependent filamentousgrowth signaling.
One factor common to both pheromone and filamentousgrowth signaling but not required for the HOG response is the MAPKK Ste7, which contains 10 consensus MAPK phosphorylation sites. Hence, Ste7 is another potential target by which Hog1 might prevent cross talk. However, when a fus3⌬ kss1⌬ mutant strain expressing both Hog1-as and a functional, Cterminally c-Myc epitope-tagged derivative of Ste7 (3) was exposed to 1 M sorbitol, no detectable shift in Ste7 mobility was observed (Westfall, unpublished) , unlike the nearly complete conversion to multiple hyperphosphorylated Ste7 species produced upon pheromone treatment of FUS3 ϩ KSS1 ϩ cells (30) . Thus, Ste7 seems not to be a direct substrate of Hog1. Furthermore, when wild-type MATa cells were exposed to 1 M sorbitol for 30 min and then exposed to 5 M ␣-factor, pheromone was still able to elicit strong induction of the FUS1 promlacZ reporter (Westfall, unpublished) , indicating that signaling through the mating pathway, which requires both Ste11 and Ste7, has not been compromised by Hog1 action. Hence, the Hog1 target that blocks improper activation of the other two MAPK cascades remains elusive.
Prior studies examining the kinetics of Hog1 phosphorylation during response and adaptation to hyperosmotic stress indicated that no phospho-Hog1 remained by 30 to 60 min postshock (20, 46) . However, we consistently observed a readily detectable pool of phospho-Hog1 (i.e., active Hog1) that persisted at a level clearly above that seen in cells maintained under isosmotic conditions for at least 180 min after cells were exposed to 1 M sorbitol. Perhaps the sensitivity of the infrared imaging we used to examine immunoblots allowed us to acquire this new insight. What physiological reason might make it advantageous for the cell to maintain a residual pool of phospho-Hog1? Our data suggest that this threshold is a necessary part of the long-term adaptive response. First, even after cells adapted, addition of 1-NM-PP1 to hog1-as mutant cells resulted in improper expression of the FUS1 prom -lacZ reporter nearly immediately. Thus, the residual phospho-Hog1 is re-quired to maintain the block to cross talk. Second, when 1-NM-PP1 was added to hog1-as mutant cells after they had adapted, growth ceased. Hence, persistence of some active Hog1 is necessary for maintenance of those processes (e.g., continued glycerol production) that sustain osmotic balance and permit growth, avoiding the need to reinitiate anew fullbore HOG pathway signaling after every cell division cycle.
During the course of these studies, by using confocal microscopy, we confirmed that the ␤-importin family member Nmd5 is required for nuclear uptake of Hog1 following hyperosmotic stress, but we found unexpectedly that catalytic activity of Hog1 is required for its efficient nuclear import, again contrary to previously published reports (20, 46) . Moreover, our results suggest that Nmd5 has a function different from the classical view of how such importins are thought to deliver their cargo to the nucleoplasm. We found first that catalytically inactive Hog1-Hog1(K52R), Hog1(D144A), or Hog1-as in the presence of 1-NM-PP1-is defective in entering the nucleus upon a challenge with 1 M sorbitol. Second, and strikingly, all of these mutant enzymes and even normal Hog1 translocate to the NPC in response to hyperosmotic stress and do so even when Nmd5 is absent. Thus, there is an Nmd5-independent mechanism for delivery of the cytosolic pool of Hog1 to the NPC but Nmd5 is needed for passage of Hog1 to the nucleoplasm. Third, upon exposure of cells to 1 M sorbitol, Nmd5 itself accumulates at the NPC and does so even in hog1⌬ mutant cells (Westfall, unpublished) , but unlike Hog1 itself, Nmd5 does not seem to enter the nucleus per se, even in wild-type cells.
Collectively, these results suggest that nuclear entry of Hog1 occurs via a previously unsuspected multistep process. First, Hog1 and Nmd5 are transported to the NPC by independent (but as-yet-unknown) mechanisms when cells are challenged with hyperosmotic stress. Once at the NPC, Nmd5 somehow assists in the passage of Hog1 through the NPC because nuclear entry does not occur when Nmd5 is absent. However, the catalytic activity of Hog1 is required for its passage. One possibility is that, normally, Nmd5 at the cytoplasmic face of the NPC forms a complex with Hog1 but must hand off this cargo to another carrier (either the FG repeat nucleoporins that line the NPC channel or an as-yet-uncharacterized factor) because Nmd5 itself does not seem to enter the nucleus (even in wildtype cells), and perhaps Hog1 kinase activity is required for its release from Nmd5. Conversely, Hog1 kinase activity may be required for its productive association with Nmd5 and thus for its subsequent import, and the concentration of Nmd5 at the NPC may merely reflect its steady-state distribution and its high affinity for the FG repeat nucleoporins, as observed for other karyopherins (43) . Yet another possibility is that dissociation of the complex between Hog1 and its transporter occurs at the nuclear face of the NPC and requires its kinase activity. Studies of the physical association between purified Nmd5 and purified Hog1-as in the presence and absence of 1-NM-PP1 may help distinguish between these possibilities. In any event, our results document previously unappreciated complexities in the nuclear import of a stress-activated MAPK. The facts that Hog1 activity is required for its nuclear import and that the phosphotyrosine-specific phosphoprotein phosphatase primarily responsible for Hog1 deactivation (Ptp2) is located in the nucleus are sufficient to explain why the rate of dephosphorylation of Hog1 was greatly retarded by any circumstance that impaired its catalytic function.
